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The subject of power combining of semiconductor lasers is reviewed. Several methods
of coherent power combining are described and compared. A comparison is also made
between coherent and incoherent power combining, and important operational character-
istics are considered. It is found that in communication links with demanding require-

ments coherent power combining is necessary.

l. introduction

The growing interest in optical communications for free
space applications (e.g., deep space, intersatellite links)
(Refs. 1-3) has increased the need for appropriate light emitting
sources. As discussed in an earlier report (Ref. 4), semiconduc-
tor injection lasers are excellent candidates for this application,
particularly because of their very longlifetimes, high efficiency
and small size and weight. Their drawback is that in high
power (about 1 watt average) applications, a single device
cannot radiate all the power needed in a stable radiation
pattern and frequency. In the above-mentioned report (Ref. 4)
and in subsequent ones (Refs. 5, 6), several aspects of solving
this problem via mutal phase locking of several lasers through
overlapping fields were analyzed.

It is the purpose of this report to review the general prob-
lem of power combining of semiconductor lasers by coherent
and incoherent methods. Section IT compares several methods
of coherent power combining, namely mutual coupling (dis-
cussed before), injection locking and amplification. Regenera-
tive amplification is also mentioned. The various methods are
briefly described and then compared on the basis of several
important operational characteristics, such as locking range,

power efficiency, thermal considerations, reliability, mono-
lithic implementation, realization of two-dimensional con-
figurations and the need for additional components. It is
found that all the coherent methods are similar in their prob-
lems and performance, although coherent amplification might
be somewhat better. Section III compares coherent and
incoherent power combining. Again the two methods are
briefly described and then compared on the basis of the spatial
and spectral characteristics of their resulting radiation. It is
found that although incoherent power combining is easier to
implement, the significant advantages offered by coherent
power combining seem to justify the additional efforts needed
to realize devices based on these methods, especially in systems
whose designs impose stringent requirements on beam direc-
tivity and optical background noise immunity.

Il. Comparison Between Methods of
Coherent Power Combining
In this section three methods for coherent power combin-
ing, namely mutual coupling, injection locking and amplifica-

tion are discussed. The schematic configurations of these
methods are shown in Fig. 1. The common feature of all these
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methods is the establishment of some coherent interaction
between all the elements of the array.

In the case of mutual coupling (Fig. 1a), no laser in the
array has a privileged status. There is a certain amount of
coupling among the lasers, which, under certain conditions,
results in their synchronization. This method has been analyzed
(Ref. 5) and demonstrated (Refs. 4, 6). In particular, it was
found that phase-locking requires that the following inequality
be approximately satisfied:
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Aw is approximately equal to the rms deviation of the lasers’
oscillation frequencies from the “center-of-mass” frequency
w, of the array and £ is a dimensionless parameter describing
the strength of the coupling interaction (Ref. 5). In the case
of coupling due to field overlap of lasers which are in close
proximity, & can assume in AlGaAs lasers the maximum
vatue of (Ref. 5).
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where d is the distance between individual lasers of the array
in micrometers. Coupling due to other mechanisms (e.g.,
diffraction) is also possible.

Injection locking of lasers (Fig. 1b) is obtained by similar
physical mechanisms. In this case, however, there is a master
laser oscillator. Portions of its emitted radiation are coupled
simultaneously into all the other lasers in the array, forcing
them to oscillate at its frequency. There is no coupling among
the lasers in the array and no coupling from the array back
into the master laser. Injection locking was analyzed in elec-
trical oscillators (Ref. 7) and in lasers (Ref. 8), and has been
experimentally demonstrated in lasers (Ref. 9). The condition
for injection locking of two lasers can be expressed as (Ref. 7):

< A5 3

where Aw is the difference between the (radian) frequencies
of the master laser and the array element laser, Em is the
electric field strength of the master laser oscillator, & is the
fraction of it that is coupled to the array element laser whose
electric field strength is £, and the figure of merit of its cavity

is 0.
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Coherent amplification (Fig. 1c) is similar to injection lock-
ing: in both cases there is a master laser-oscillator. However, in
the case of coherent amplification, the elements of the array
are only gain-elements (i.e., amplifiers) without feedback.
(This is accomplished by coating the laser mirrors with anti-
reflection coating thus eliminating its feedback mechanism.)
Light generated in the master laser-oscillator is split and fed
simultaneously into all the gain elements, where a travelling-
wave amplification is employed. The amplified outputs of the
amplifiers are automatically phase-locked (provided, of course,
that the output of the master oscillator is coherent over its
near-field pattern). Amplification in semiconductors has been
analyzed (Ref. 10), and the operation of coherently amplified
GaAs homojunction devices has been demonstrated (Ref. 11).

An intermediate case between injection-locking and coher-
ent amplification occurs when the gain elements in the array
do have some amount of feedback, but it is insufficient to
produce lasing; i.e., they operate as regenerative amplifiers
(Ref. 12). Since the added complexity in implementing this
method (the regenerative amplifier has to be biased very
accurately just below the lasing threshold) does not yield
improved performance over either regular amplification ot
injection locking, it will not be further considered here.

Schematic configurations of the above methods are shown
in Fig. 1. In the following paragraphs they are compared from
the aspects of locking range, power efficiency, thermal consid-
erations, reliability, monolithic implementation, realization of
two-dimensional configurations and the need of additional
components.

A. Locking Range

We are considering the problem of the range of frequencies
Awfw, over which phase-locking can be maintained. In the
case of mutual locking (Egs. 1, 2), and for lasers that are
spaced about d = 5 um apart, the result is 2 | Aoo/co0 | <
3+ 1075, For injection locking (Eq. 3) with £, = E, Q = 10*
and & = 0.1, we obtain 2 | Aw/w, | < 107°. Since the actual
requirement for phase-locking in the case of mutual coupling

can actually be somewhat more stringent than the one ex-

pressed in Eq. (1) (Ref. 5), both methods have basically the
same locking range. (This result applies also in the case of
regenerative amplifiers.)

B. Power Efficiency

Under optimized conditions, all the coherent phase-locking
methods basically have the same power efficiency. The reason
is that the photon density distribution in semiconductor lasers
that are optimized for power efficiency is very similar to the
photon density distribution in travelling wave amplifiers
(Ref. 13). Second-order differences between the methods




result from different coupling losses among the lasers or
between the master-laser oscillator and the rest of the array.

C. Thermal Considerations

One of the problems in mutual coupling is that the lasers
have to be put in close proximity (several micrometers) to
one another so that sufficient coupling will be established
among them (Ref. 5). This aggravates the problems of removing
excess heat generated in the laser junctions and ohmic con-
tacts. This problem c¢an be mitigated by employing
injectionlocking or amplification, since in this case no
mutual coupling has to be established among the elements
of the array, and thus they can be placed further apart.
However, doing that presents two new problems. First
problem is that of efficient coupling from the masterlaser
to the array. Thus there is a tradeoff between thermal
performance and the number of elements that can be
locked, and the optimum configuration must be found in
each case. The second problem is that as the array elements
are further apart than in the mutual-coupling case, the
increased separation causes the radiation pattern of the
array to have more grating sidelobes (see next section).

D. Reliability

The mutual coupling approach is potentially more reliable
than the other approaches since the performance of the entire
array can, in principle, be designed in such a way that it is not
critically affected by a failure of a single element. In the case
of either injection-locking or amplification, failure of the
master laser-oscillator means failure of the whole array. How-
ever, since the reliability of semiconductor laser devices is
adversely affected at elevated temperatures, the actual advan-
tage of the mutual coupling method can become insignificant
because of its potentially inferior thermal characteristics.

E. Monolithic Impiementation

Because of their simpler configurations, arrays based on
mutual coupling are somewhat more amenable to monolithic
integration than arrays which use injection locking or coherent
amplification.

F. Realization of Two-Dimensional Configurations

This parameter is important for achieving reduction of the
far-field pattern of the array in both directions (see next
section). Generally, arrays based on injection locking or on
coherent amplification can be more readily arranged in two-
dimensional configurations (with a probable penalty of
increased losses in the coupling from the maser laser).

G. Additional Components

In all the coherent methods a phase-shifter in tandem with
each array element is needed so that the individual phases
(which are locked, but not necessarily at the desired values)
can be modified to yield the desired radiation pattern. In
addition, when employing injection locking or coherent
amplification, there is also a need of optical isolators so that
light that is generated by the array elements will not be coupled
back into the master laser and thus interfere with the overall
operation of the array. Such isolators can introduce some addi-
tional losses in the coupling from the master laser oscillator.

Before concluding this section it is important to note that
the choice of the optimum method depends on the overall
system parameters. Since there is no single coherent power
combining method with decided advantages over the others, a
detailed comparison between the coherent power combining
method has to be carried out in any case of a particular system
design. However, all other things being equal, it seems that the
coherent amplification method is somewhat better than the
other methods, delivering essentially the same performance
without having to satisfy the additional and rather stringent
requirement for synchronization of two (or more) oscillators.

Ill. Comparison Between Coherent and
incoherent Power Combining

In this section a comparison between coherent and inco-
herent methods of power combining of semiconductor lasers is
carried out. In order to review the basic differences between
the two, approaches, a simplified one-dimensional analysis is
first presented. -

Assume a set of M identical lasers at locations {d,}, n=1,
2, ... M. The near-field pattern of each laser (i.e., the field
distribution at its output facet) is denoted by &(x)ei®n
where & and ¢ are the field amplitude and phase, respectively.
The near-field of the whole array &, is thus given by

M s
E(x) = Z é"’(x—dn)ew” 4

n=1

In the case of coherent power combining, the ¢,’s in
Eq. (4) are fixed numbers. The far-field intensity distribu-
tion of the array (i.e., its radiation pattern), /,,,, is approxi-
mately given by (Refs. 14, 15)
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where 0 is the far-field angle and & {c} denotes a Fourier-

transform operation.

In the case of incoherent power combining, the ¢,’s in
Eq. (4) are random variables. We can assume that over all the
relevant time periods, the random fluctuations of the ¢,
are fast enough so that the cross terms that appear when
calculating the intensity average to zero (for example, even
wavelength separation of 1A at A=1 um corresponds to
30 GHz, which is much faster than typical detector band-
widths). The far-field intensity pattern in this case is

1.0y = M| F{&EX)}cos b |? ©)

As expected, no cross-interference terms are present, and the
far-field pattern of the incoherent array is an amplified version
of the far-field pattern of its elements.

In the following paragraphs a comparison between coherent
and incoherent power combining of semiconductor lasers will
be made. In two important aspects, namely, improved radia-
tion pattern and spectral distribution, coherent power com-
bining has a significant advantage over incoherent power com-
bining. Several advantages of incoherent power combining will
also be presented.

A. Far-Field Pattern

From Eq. (5), which describes the case of coherent power
combining, it is anticipated that by a judicious choice of the
d,’s and adjustment of the ¢,’s, the resulting beam pattern
can become narrower, in a similar fashion to microwave phased
arrays. The reduction of the angular extent of the beam
pattern is an important feature of coherent power combining,
since narrower beams make the task of subsequent beam nar-
rowing for high-directivity free-space transmission much easier.
(It should be emphasized that two-dimensional arrays are
needed to obtain a reduction of the far-field beam pattern in
both the horizontal and vertical planes.)

As a simple illustrative example, we describe the near-field
profile of a single device by

Eo x| <a
&(x) = )
0 Ilx1 >a

The incoherent far-field intensity pattern is calculated from
Egs. (6) and (7) to be :
= 42 2 2 g ine2 a .
I,.(0) = 4 Ej M cos® 6 sinc (21r7 sin 6) (8)

where sinc(Z) = (sin Z)/Z. The far-field intensity of the coher-
ent array is calculated in a similar fashion from Egs. (5) and
(7). For the case of qbn =0 and dn =p + d, the result is
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The distributions described by Egs. (8) and (9) are shown
in Fig. 2a for the following values of parameters: A = 0.9 um,
a=2um,d =9 umand M = 10.

(1) The intensity of the radiation in the forward direction
(8 = 0) is increased by a factor of M by using coherent
instead of incoherent power combining.

(2) Under the same conditions, the angular extent of the
forward direction radiation lobe is reduced by a factor
of (Md/2a).

(3) Coherent power combination is accompanied by the
presence of grating lobes. Some of the problems of
energy ‘waste and pointing ambiguity associated with
them can be mitigated by randomizing the locations
of the array elements (Refs. 16-18). A calculated
example is shown in Fig. 2b. All the parameters of the
array are the same as before, but now the location of
each element is randomly distributed within +2 um of
its deterministic location. (In the case of mutual coupl-
ing, sufficient coupling should be maintained also in
the new random locations.) It is clearly seen that the
level of sidelobes is significantly reduced. The improve-
ment increases with the number of elements of the
array and with the amount of randomization allowed
in their locations.

B. Spectral Characteristics

Semiconductor laser materials have wide gain linewidths,
and thus they can support lasing modes over the range of
many angstroms (Ref. 19). When we have an incoherent array
of lasers, then even though each of them has an (almost) iden-
tical spatial beam pattern, the lasing wavelength will differ
from one laser to another, due to minor differences in their
lengths, currents, etc. In order for the receiver to collect all
the spectral content (i.e., energy) of the received signal, a wide
optical filter has to be used, with the unavoidable consequences
of admitting more background radiation noise into the system.
Systems employing phase-locked arrays, on the other hand,
can use much narrower optical filters at the receiver — pro-
vided, of course, that the array elements and the array itself
oscillate in a single longitudinal mode (i.e., a single spectral
line). Single longitudinal mode operation has been demon-
strated in many types of laser diodes (Ref. 20) and in laser




diodes placed in external cavities (Ref.21), and it is con-
ceivable that when these diodes are used as elements in the
array, it will oscillate in a single longitudinal mode. The
narrower optical filter bandwidths which can be used in
conjunction with coherent arrays can result in a significant
reduction (up to several orders of magnitude) in the amount
of background noise radiation detected by the receiver.

It is also worthwhile to mention some practical considera-
tions pertaining to the use of operation of optical filters.
Although the inherent laser linewidth is very narrow — less
than 1073A (Refs. 20, 22) — such narrowband optical filters
cannot be implemented yet. As of today, the best demon-
strated filters have bandwidths of the order of 10~1 A
(Ref. 23). They can also be- electronically tuned, which is
necessary for compensating wavelength drift due to dop-
pler shifts and temperature variations at the transmitter.
(AlGaAs semiconductor injection lasers have wavelength
temperature variations of the order of 0.5 to 43/K.)

C. Advantages of Incoherent Power Combining

Incoherent power combining is much easier to implement
than coherent power combining, and that is its basic advantage.

No effort has to be made in order to synchronize the lasers, no
external optical components (e.g., phase-shifters, isolators)
are needed for the array implementation, the thermal perfor-
mance is potentially better, and two-dimensional configura-
tions are easier to construct. The design of an incoherent
array is free from the many constraints imposed by the require-
ment of phase-locking. However, although incoherent power
combining is easier to implement, the significant advantages
offered by coherent power combining (namely, improved
power directivity and narrower spectral extent) seem to justify
the additional efforts needed to realize devices based on these
methods.

IV. Conclusions

Methods of coherent and incoherent power combining of
semiconductor lasers have been described. It was found that
although incoherent power combining is easier to implement,
the significant advantages offered by coherent power combin-
ing seem to justify the additional efforts needed to realize
devices based on this method. This conclusion is true, parti-

. cularly in systems which require very high beam directivity

and narrow spectral range of the transmitted radiation.
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Schematic configuration of coherent power

Fig. 1

combining methods: (a) mutual coupling, (b) injection

locking (the array elements are lasers), (c) coherent

amplification (the array elements are amplifiers).
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Fig. 2. Approximate far field pattern of a 10-element diode laser coherent array (laser aperture: 4 um; wavelength: 0.9 um):
(a) array elements are regularly spaced 9 .m apart, (b) array elements are randomly distributed within +2 um of their deterministic

locationin (a) (also shown is the far-field pattern in-the case of an incoherent array)
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